Musladin-Lueke syndrome (MLS), previously termed Chinese Beagle syndrome, is an autosomal-recessive connective tissue disorder characterized by extensive fibrosis of the skin and joints that was first identified in Beagles in the 1970s. Recent research identified a founder mutation (c.660C>T; p.R221C) in the ADAMTSL2 gene in Beagles with MLS. Here, we report the detailed clinical phenotype and laboratory findings in 2 Beagles affected with MLS. We discuss these findings in relation to the human disorder geleophysic dysplasia (GD), which also arises from recessive ADAMTSL2 mutations, and recent findings in Adamtsl2-deficient mice.
4-year-old, female spayed Beagle was referred for a history of gait abnormalities (present since birth), intermittent urinary incontinence, and generalized seizures which were present since 2 years of age and had been treated by administration of phenobarbital. The dog appeared to walk on the digits ("tiptoes") with all 4 limbs in rigid extension during ambulation ( Fig 1A) . Tail carriage was low, and tail tone was rigid. Physical examination revealed a broad skull with wide-set eyes (Fig 1A) , characteristic ridge within the ear cartilage (Fig 1B) , brachydactyly of the outer toes, pronounced skeletal muscle definition, mild bilateral carpal valgus deformity, decreased to absent range of motion in joints of all 4 limbs, and a grade II/VI intermittent left basilar systolic murmur. There were no other abnormalities on the remainder of the physical or funduscopic examination. No other abnormalities apart from the gait and tail abnormalities were detected on neurologic examination, although flexor withdrawal reflexes were difficult to evaluate due to decreased range of motion.
CBC revealed panleukopenia (2.99 9 10 3 /lL, reference range 6-17 9 10 3 /lL), mature neutropenia (2.24 9 10 3 /lL, reference range 3-12 9 10 3 /lL), lymphopenia (0.54 9 10 3 /lL, reference range 1-5 9 10 3 /lL), and eosinopenia (0.03 9 10 3 /lL, reference range 0.1-1.25 9 10 3 /lL). A repeat CBC performed 2 weeks later and after gradual discontinuation of phenobarbital revealed resolution of the pancytopenia. Abnormalities were not detected on abdominal radiographs. The thoracic radiographs revealed a vertebral heart score of 12.25 (reference range 8.7-10.7)
1 with no cardiopulmonary changes noted. The ECG revealed a sinus arrhythmia with a mean electrical axis of +30 and one of the criteria for left ventricular enlargement (R > 1.0 in lead I). The echocardiogram revealed turbulent flow across both the left and right ventricular outflow tracts, but no valvular changes, wall thickening, or chamber dilatation were identified.
Joint range of motion remained restricted under general anesthesia. No abnormalities were identified with MRI. CSF analysis showed that nucleated cell counts and protein concentration were within reference range, with vacuolated mononuclear cells suggestive of lipid/ myelin phagocytosis. Electromyography (EMG) of the palmar and plantar interossei, flexor carpi ulnaris, extensor carpi radialis, biceps, triceps, supraspinatus, infraspinatus, lateral gastrocnemius, medial gastrocnemius, cranial tibialis, biceps femoris, vastus lateralis, semimembranosus, semitendinosus, and tail muscles revealed mildly increased insertional activity in several muscle groups (palmar and plantar interossei, flexor carpi ulnaris, semimembranosus, semitendinosus, and tail), but no spontaneous activity was identified. Due to the sporadic nature of the findings and lack of consistent nerve distribution patterns, the increased insertional activity was most likely not clinically relevant.
Motor nerve conduction velocity of the tibial nerve was within the reference range. Biopsies were obtained from the cranial tibial muscle and either flash-frozen in isopentane precooled in liquid nitrogen or fixed in 10% neutral-buffered formalin and paraffin-embedded. No abnormalities were identified that would suggest a congenital myopathy or muscular dystrophy. Compared to an age-matched control, no expansion of endomysial or perimysial connective tissues was found, and localization of these proteins was appropriate, based on cryosections incubated with monoclonal or polyclonal antibodies against collagen VI and laminin a-2 (gifts from Eva Engvall); and fibrillin-1 (polyclonal antibody 9543), fibrillin-2 (polygonal antibody 868), and fibrillin-3 (monoclonal antibody 689, gifts from Lynn Sakai). Stainings also included antibodies against dystrophin (DYS1), utrophin (NCL-DRP2), and developmental myosin heavy chain (dMHC) (all from Novocastra Laboratories; Leica Biosystems Inc, Buffalo Grove, IL), and a-sarcoglycan (gift from Eva Engvall).
Results of tests for organic acid and amino acid analysis (Biochemical Genetics Laboratory, University of California San Diego, LaJolla, CA), carbohydrate screening, and a mucopolysaccharide spot test (PennGen Laboratory, University of Pennsylvania, Philadelphia, PA) in urine were negative.
Case 2
An 11-week-old, male Beagle puppy was referred for difficulty righting and stiff gait. The pup was among a litter of 6, 2 of which died at 1 day of age. Of the remaining 4 puppies (2 males and 2 females), this was the only affected puppy. This litter was the first for the pairing of bitch and sire. The breeders did not notice any abnormalities until the puppy was 9 weeks of age, at which time he began having trouble righting himself and appeared stiff. The stiffness was progressive with concurrent development of characteristic facial features, including broad skull and wide-set eyes. The disposition of the affected pup was purportedly very placid compared to unaffected littermates.
On physical examination, the puppy had thick skin, a broad muzzle, and wide-set eyes. Musculature felt unusually dense on palpation. He had a stiff gait and walked on the digits. The limbs were rigid and could not be flexed even under sedation. Other than altered gait, no abnormalities were found on neurologic examination. Diagnostic examinations included electrophysiologic evaluation (EMG, MNCV of the tibial nerve, repetitive nerve stimulation, and brainstem auditoryevoked potentials (BAEP)), all of which were within reference ranges. The puppy presented for suspicion of Musladin-Lueke syndrome. The puppy was euthanized and submitted for postmortem examination.
Muscle histopathology and immunohistochemistry for Case 2 were similar to Case 1. On postmortem examination of Case 2, lesions were consistent with widespread accumulation of collagen. Skin was diffusely thickened with extensive fibrosis of the hypodermis and adhesion to underlying layers. Collagen and connective tissue surrounding kidney, adrenal glands, lymph node capsule, small intestine, esophagus, testes, trachea, pinnae, stomach, urinary bladder, heart, and dura was dense. Staining with picrosirius red showed birefringent red/green fibers characteristic of collagen in vessel walls and interstitium of organs. Elastin was well represented. The epimysium surrounding some entire muscles was excessive and comprised of dense collagen (not shown), and in some cases, it was restrictive; however, perimysial and endomysial connective tissue between muscle fascicles and individual myofibers, respectively, appeared normal (Fig 2) . Muscle bundles contained almost no fat (appropriate for age), and the epimysial connective tissue was a dense seam of tissue containing blood vessels. Ligaments and, to a lesser extent, tendons diffusely contained an increase in tenocyte nuclei, and there were small foci of mineralized mucinous matrix (sections with ligamentum nuchae were especially affected). Nerve fibers in the sciatic nerve were surrounded by visible, but not excessive, endoneurium. Acute myocardial degeneration and necrosis was present. Much of the cortical bone appeared sclerotic, with densely fibrous periosteum. Several focal areas of replacement of cortical bone with fibrous tissue were present in the digit (P2), rib, and ulna. The calvarial and facial bones were thickened. The dura was tougher and more opaque than expected for the age. A region of the central cartilage of the pinnae was thickened in a vertical line (similar to Fig 1B) . The joint surfaces appeared normal on gross examination. Abnormalities were not detected in other organs, including the brain and peripheral pulmonary airways.
Both cases were homozygous for a founder mutation in the ADAMTSL2 gene on CFA 9, indicative of Musladin-Lueke syndrome, as previously reported. 2 Further characterization of fibroblasts was performed to evaluate the functional effects of Musladin-Lueke syndrome on tissues. Dermal fibroblasts from both cases were cultured from skin biopsies. Skin samples were minced and plated, allowing cells to adhere to tissue culture plates (MLS 1, 2; control 1, 2), or tissue was further enzymatically dissociated (controls 3, 4, 5) using 0.1% collagenase (CLS4, Worthington Biochemical Corporation) and 0.05% elastase (Worthington Biochemical Corporation). As MLS fibroblasts grew slower than fibroblasts from control dogs, they were plated at higher density to ensure that control and MLS fibroblasts reached confluency at the same time. After reaching confluency, cells were cultured for another 2 days in 10% FBS to allow matrix synthesis and were incubated for 2 days in serum-free media. Subsequently, their conditioned medium was used to assess TGFb secretion, and cellular smooth-muscle actin (SMA) expression was assessed by immunofluorescence. The total TGFb in medium was measured by ELISA (Promega) in triplicate, and the TGFb reading was conducted immediately after obtaining primary cell lines. High TGFb levels were detected in media from the MLS fibroblasts (Case Fig 2. Immunofluorescence staining of muscle cryosections from a Beagle dog with Musladin-Lueke syndrome (Case 2) and age-matched but not breed-matched control muscle. Staining was performed for localization of laminin a2, the rod domain of dystrophin, utrophin, a-sarcoglycan, collagen VI, fibrillins, and developmental myosin heavy chain. The endomysial (surrounding individual muscle fibers) and perimysial connective tissue layers (surrounding muscle fascicles) did not differ from control muscle. Regenerating fibers were not observed with the antibody against developmental myosin heavy chain. In the figure, fibrillin 9543 binds to fibrillin 1, fibrillin 868 binds to fibrillin 2, and fibrillin 689 binds to fibrillins 1, 2, and 3. All images photographed at the same magnification. Bar = 50 lm for all images.
2), whereas no free TGFb was detected in the wild-type sample (control dog 1 (Ctl1)) (Fig 3A) . Dermal fibroblasts from Case 2 and from 4 control adult dogs of unknown genetic background (Ctl1, Ctl3, Ctl4, Ctl5) were stained with anti-alpha SMA antibody (clone 1A4, Sigma 2547; diluted 1/400) and analyzed by flow cytometry. Fibroblasts from Case 1 and control dog 2 (Ctl2) were not included in the flow cytometry analysis due to a lack of sufficient cells. Whereas fibroblasts from 3 of the control dogs (Ctl1, Ctl3, Ctl5) expressed only low levels of SMA, and fibroblasts from control dog 4 showed both low and high expressing populations, MLS fibroblasts (Case 2) showed uniformly high SMA expression approaching that of smooth-muscle cells (SMC) (Fig 3B) . SMA expression was also assessed by immunofluorescence staining 3 and confirmed high SMA expression in MLS fibroblasts (Case 2) (Fig 3C) . In addition, by immunofluorescence, MLS fibroblasts from Case 1 were also found to express high levels of SMA (Fig 3D) . To test contractility, 3 9 10 4 skin fibroblasts from Case 2 and 5 control dogs (Ctl1 through Ctl5) were seeded into collagen gels, and each sample was assayed in triplicate for the extent of contraction, as previously described. 3 MLS fibroblasts showed significantly enhanced contractility (Fig 4A,B) . To assess whether there was a correlation between SMA expression and contractility, wholemount SMA staining of contracted collagen gels was performed, which also showed strong SMA staining in the MLS cells (Fig 4C) . 4,5 ADAMTSL2 interacts with the microfibril-forming extracellular matrix (ECM) glycoproteins fibrillin-1 and fibrillin-2, as well as with latent TGF-b binding protein 1 (LTBP1). 4, 6, 7 Dominant GD is caused by mutations affecting FBN1, 6 and a fibrillin-1 defect in mice (Tight skin (Tsk)) also results in severe fibrosis. 2, 8 Tight skin, however, has not been observed in Adamtsl2À/À mice, which die at birth with severe bronchial occlusion. This and additional differences among GD, MLS, and mouse Adamtsl2 knockouts are discussed. 7, 9, 10 Because of the established role of fibrillin microfibrils and LTBP1 in sequestering and maintaining the latency of TGFbs, it is thought that the ECM defects arising from the absence of ADAMTSL2 lead to TGFb dysregulation. Excess TGFb activity is thought to lead to fibroblast-myofibroblast transition. 10, 11 A potential link to altered TGFb signaling is also strengthened by finding LTBP3 mutations in GD. 12 GD type 1 is a progressive disorder in which affected individuals have a short stature, brachydactyly, thick skin, restricted joint mobility, and a "happy" face due to characteristic facial features. 5, [13] [14] [15] [16] The name geleophysic dysplasia comes from the Greek words geleos, meaning "happy" and physis, meaning "nature." Other findings in individuals with GD can include hepatomegaly, tracheal stenosis, pseudomuscular hypertrophy (due to excessive collagen), and cardiac disease characterized by thickening of mitral, pulmonary, and aortic valves. 5, [13] [14] [15] [16] The cardiac and tracheal MLS cells contract collagen gels more efficiently than fibroblasts from control dogs (MLS 2, Case 2). Shown are representative images of gels after contraction (A), and the percentage of the original surface area after contraction (mean AE SEM of 3 independent experiments) (B). The significance of the difference between the MLS and control samples was determined with a Student's t-test (tails 2, type 1), and the P values were found to be <.05 (*), <.01 (**) and <.0003 (***). The difference between MLS and Ctl 4 was not significant. SMA fluorescence of cells in contracted collagen gels (nuclei are stained blue using DAPI) shows comparable cell density but stronger SMA staining and extended morphology of MLS cells (C). abnormalities of GD lead to death in 33% of affected individuals before the age of 5.
14 The Beagles described in this report exhibited a similar array of features (Table 1) , including brachydactyly of the outer digits, broad facial features including wideset eyes, a characteristic ear fold, fibrosis of the joints, and a pleasant disposition. The fibrosis of joint capsules leads to their characteristic "tiptoe" gait, and skin fibrosis leads to the wide-set eyes and broad muzzle. Some owners report that the skin is tight, which was not apparent in these cases. Cardiac disease has been inconsistently reported in association with MLS. 17 Seizures have also been reported in other affected Beagles with this disease, which is consistent with Case 1, but no underlying etiology has been identified in the literature. 2, 17 In contrast to humans with GD in which the disease progresses rapidly, Beagles with MLS appear to stabilize at about 1 year of age and have a normal life span unless other congenital defects are present.
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Of interest, the endomysial and perimysial connective tissue layers of muscle appeared to be preserved, whereas the epimysial layer surrounding the entire muscle was thickened. It is not clear whether collagen types differ between different connective tissue layers in muscle. Another possibility is selective expression and functional association of ADAMTSL2 with the epimysial cells. There were both clinical evidence and pathological confirmation of thickened skin in Case 2. Although a duplicate screen of collagen VI, fibrillins, and laminina2 was not performed on skin as they were on muscle, extensive fibrosis (ie, accumulation of collagen) was documented on routine postmortem examination in Case 2. 2 In the Adamtsl2 knockout mouse, the bronchial epithelial cells appear to be most severely affected, with muscle generally preserved or only mildly affected. 7 This species difference could arise from the inability of affected mice to survive past birth, which could mask a progressive muscle or skin disorder, or to differences in the fibrillin repertoire of these species, because humans and dogs have 3 fibrillins, but mice only have 2 fibrillins.
18 ADAMTSL2 is thought to selectively influence assembly of fibrillin-1, and fibrillin-2, or both through direct binding, and analysis of Adamtsl2À/À mice demonstrated an excess of fibrillin-2 microfibrils in the bronchii. 7, 10 The variable phenotypic manifestation in different tissues could also depend on different fibrillin-1/fibrillin-2 ratios in specific tissues, and the degree to which other ADAMTS proteins may be able to compensate, 6, 10 which then determine the effect of the ADAMTSL2 mutation. 7 In this context, little is presently known about ADAMTS proteins and fibrillins in canine tissues and during canine development. Investigating this could be a complex undertaking, because in mice, for example, Adamtsl2 mRNA shows a dynamic expression pattern and was detected in developing skeletal muscle, as well as liver, bronchial and arterial smooth muscle, skin, nucleus pulposus of the intervertebral disk, perichondrium, pancreas, and spinal cord. 7, 19 Analysis of dermal fibroblasts from MLS dogs was necessarily limited and should be considered preliminary because of the lack of sufficient number of cells and of strain-and appropriate age-matched controls. Nevertheless, the findings are consistent with previous work demonstrating the increase in soluble TGFb and strongly suggesting myofibroblastic transition of the MLS fibroblasts, represented by strong SMA expression, and enhanced contractility within collagen gels. 4, 20 In summary, the present study expands on the clinical understanding of MLS, provides additional tissue analysis, and limited cell analysis which supports a potential profibrotic effect of the MLS mutation and a physiological antifibrotic role for ADAMTSL2 in some tissues such as muscle and skin.
